We investigate the temperature-dependent optical properties of ␣Ј-NaV 2 O 5 , in the energy range 4 meV-4 eV. The symmetry of the system is discussed on the basis of infrared phonon spectra. By analyzing the optically allowed phonons at temperatures below and above the phase transition, we conclude that a secondorder change to a larger unit cell takes place below 34 K, with a fluctuation regime extending over a broad temperature range. In the high-temperature undistorted phase, we find good agreement with the recently proposed centrosymmetric space group Pmmn. On the other hand, the detailed analysis of the electronic excitations detected in the optical conductivity provides direct evidence for a charge disproportionated electronic ground state, at least on a local scale: A consistent interpretation of both structural and optical conductivity data requires an asymmetrical charge distribution on each rung, without any long-range order. We show that, because of the locally broken symmetry, spin-flip excitations carry a finite electric dipole moment, which is responsible for the detection of direct two-magnon optical absorption processes for Eʈa. The chargedmagnon model, developed to interpret the optical conductivity of ␣Ј-NaV 2 O 5 , is described in detail, and its relevance to other strongly correlated electron systems, where the interplay of spin and charge plays a crucial role in determining the low-energy electrodynamics, is discussed.
I. INTRODUCTION
After many years of intensive experimental and theoretical work on CuGeO 3 another inorganic compound, ␣Ј-NaV 2 O 5 , has been attracting the attention of the scientific community working on low-dimensional spin systems, in general, and on the spin-Peierls ͑SP͒ phenomenon, in particular. In fact, in 1996 the isotropic activated behavior of the magnetic susceptibility was observed at low temperatures on ␣Ј-NaV 2 O 5 . 1 Moreover, superlattice reflections, with a lattice modulation vector kϭ(/a,/b,/2c), were found in an x-ray scattering experiment, 2 and a spin gap ⌬ϭ9.8 meV was observed at the reciprocal-lattice point (2/a,/b,0), with inelastic neutron scattering. 2 The SP picture was then proposed to explain the low-temperature properties of this compound, with a SP transition temperature T SP ϭ34 K. 1 In this context, ␣Ј-NaV 2 O 5 seemed to be a particularly interesting material, as far as the full understanding of the SP phenomenon is concerned, because on the basis of the structural analysis reported by Carpy and Galy in 1975, suggesting the noncentrosymmetric space group P2 1 mn, 3 it was assumed to be described by the one-dimensional ͑1D͒ spin-1/2 Heisenberg ͑HB͒ model better than CuGeO 3 . In fact, for the latter compound it has been established both experimentally 4 and theoretically 5 that the 2D character of the system cannot be neglected.
On the other hand, on the basis of experimental results later obtained, the interpretation of the phase transition is still controversial. First of all, the reduction of T SP upon increasing the intensity of an externally applied magnetic field, expected for a true SP system, has not been observed. 6, 7 For instance, Büchner et al., 6 performing lowtemperature magnetization and specific-heat measurements in magnetic field Hр14 T, obtained ⌬T SP (H)ϭT SP (0) ϪT SP (14 T)Ϸ0.15 K, i.e., almost a factor of 7 smaller than what was expected on the basis of Cross and Fisher theory. 8, 9 Furthermore, they claimed that the entropy reduction experimentally observed across the phase transition is considerably larger than the theoretical expectation for a 1D antiferromagnetic ͑AF͒ HB chain with only spin degrees of freedom and Jϭ48 meV ͑i.e., value obtained for ␣Ј-NaV 2 O 5 from magnetic susceptibility measurements 1 ͒. In order to explain these findings, degrees of freedom additional to those of the spin system should be taken into account, contrary to the interpretation of a magnetically driven phase transition. 6 This already quite puzzling picture became even more complicated when the crystal structure and the symmetry of the electronic configuration of ␣Ј-NaV 2 O 5 , in the hightemperature phase, were investigated in detail. In fact, on the basis of recent x-ray-diffraction measurements [10] [11] [12] it was found that the symmetry of this compound at room temperature is better described by the centrosymmetric space group Pmmn than by the originally proposed P2 1 mn. 3 On the other hand, the intensities and polarization dependence of the electronic excitations detected in optical conductivity spectra gave a direct evidence for a broken-parity electronic ground state, 13, 14 in apparently better agreement with the noncentrosymmetric space group P2 1 mn. The solution of this controversy and the assessment of the symmetry issue are of fundamental importance for the understanding of the electronic and magnetic properties of the system and, ultimately, of the phase transition.
In this paper we present a detail investigation of the interplay of spin and charge in ␣Ј-NaV 2 O 5 , on the basis of optical reflectivity and conductivity data in the energy range 4 meV-4 eV. We will start from the discussion of the recently proposed high-temperature crystal structure, [10] [11] [12] and its implications on the physics of this compound ͑Sec. II͒. A group theoretical analysis for the two different space groups will be reported and later compared to the experimentally observed far-infrared phonon spectra. In Sec. III, we will present a theoretical model which we will use to interpret qualitatively and quantitatively the optical conductivity spectra of ␣Ј-NaV 2 O 5 . In Sec. IV, we will analyze the data obtained with optical spectroscopy at different temperatures above and below T c ϭ34 K ͑throughout the paper, we will refer to the transition temperature as T c because the interpretation of the phase transition is still controversial͒. In particular, we will concentrate on:
͑i͒ Analysis of the temperature-dependent phonon spectra, in relation to the x-ray-diffraction data, in order to: First, learn more about the symmetry of the material in both highand low-temperature phase. Second, detect signatures of the lattice distortion and study the character of the transition.
͑ii͒ Detailed study of the very peculiar electronic and magnetic excitation spectra. In particular, we will show that we could detect a low-frequency continuum of excitations which, on the basis of the model developed in Sec. III, we ascribe to ''charged bimagnons,'' i.e., direct two-magnon optical absorption processes.
Finally, in Sec. V, we will discuss the relevance of our findings to the understanding of the nature of the phase transition in ␣Ј-NaV 2 O 5 . In particular we will try to assess whether the picture of a charge ordering transition, accompanied by the opening of a magnetic gap, is a valid alternative to the originally proposed SP description. In fact, this alternative interpretation has been recently put forward [15] [16] [17] [18] [19] on the basis of temperature-dependent nuclear magnetic resonance ͑NMR͒ data. 15 
II. SYMMETRY PROBLEM IN ␣Ј-NaV 2 O 5
The interpretation of the phase transition at 34 K as a SP transition 1 is based on the noncentrosymmetric space group P2 1 mn originally proposed by Carpy and Galy for the hightemperature phase of ␣Ј-NaV 2 O 5 . 3 Following their crystallographic analysis, the structure can be constructed from double rows ͑parallel to the b axis͒ of edge sharing pyramids, one facing up and the other down, with respect to the a-b plane ͑see Fig. 1͒ . These double rows are connected by sharing corners, yielding a planar material. The planes are stacked along the c axis, with the Na in the channels of the pyramids. In the a-b plane ͑see Fig. 2͒ , we can then identify linear chains of alternating V and O ions, oriented along the b axis. These chains are grouped into sets of two, forming a ladder, with the rungs oriented along the a axis. The rungs are formed by two V ions, one on each leg of the ladder, bridged by an O ion. The V-O distances along the rungs are shorter than along the legs, implying a stronger bonding along the rung. In the a-b plane the ladders are shifted half a period along the b axis relative to their neighbors. The noncentrosymmetric space group P2 1 mn, allows for two in- equivalent V positions in the asymmetric unit. These sites were interpreted as different valence states, V 4ϩ and V 5ϩ , represented by dark and light grey balls, respectively, in Fig.  2 . In this structure it is possible to identify well distinct 1D magnetic V 4ϩ (Sϭ1/2) and nonmagnetic V 5ϩ (Sϭ0) chains running along the b axis of the crystal, and alternating each other along the a axis. This configuration would be responsible for the 1D character ͑Bonner-Fisher-type 20 ͒ of the high-temperature susceptibility 21 and for the SP transition, possibly involving dimerization within the V 4ϩ chains. 1 Moreover, due to the details of the crystal structure, only one of the three t 2g orbitals of V 4ϩ , i.e., the d xy orbital, is occupied.
12 As a result, the insulating character of ␣Ј-NaV 2 O 5 , which has been observed in dc resistivity measurements, 22, 23 would be an obvious consequence of having a 1D half filled Mott-Hubbard system.
However, recent redeterminations of the crystal structure [10] [11] [12] showed that the symmetry of ␣Ј-NaV 2 O 5 above T c is better described by the centrosymmetric space group Pmmn: The suggested structure is very similar to the one proposed by Carpy and Galy 3 ͑a small difference is the somewhat more symmetric eightfold coordination of Na 10 
͒.
On the other hand, one major difference was found, namely, the presence of a center of inversion in the unit cell. The evidence is the very low R(F) value of 0.015, and the fact that no lower value of R(F) can be obtained when the x-raydiffraction data are refined omitting the inversion center. 10 In particular, this result suggests the existence of only one kind of V per unit cell, with an average valence for the V ions of ϩ4.5. This finding has important implications for the understanding of the electronic and magnetic properties of ␣Ј-NaV 2 O 5 . In fact, we have now to think in the framework of a quarater filled two-leg ladder system: It is still possible to recover an insulating ground state assuming that the d electron, supplied by the two V ions forming a rung of the ladder, is not attached to a particular V site but is shared in a V-O-V molecular bonding orbital along the rung. 12 In this way, we are effectively back to a 1D spin system ͑a two-leg ladder with one spin per rung in a symmetrical position͒. However, in case of a SP phase transition, singlets would have to be formed by electrons laying in molecularlike orbitals and a rather complicated distortion pattern would have to take place: Not simply the dimerization within a real 1D chain ͑as, e.g., in CuGeO 3 ), but a deformation of the plaquettes, formed by four V ions, within a ladder.
Regarding the controversy about the x-ray structure determination for ␣Ј-NaV 2 O 5 above T c , it is important to stress that, even though it is now well established that the ''most probable'' space group is the centrosymmetric Pmmn ͑on the basis of the statistics of the refinement͒, deviations from centrosymmetry up to 0.029 Å are unlikely but cannot be excluded. 10 Moreover, one has to note that x-ray-diffraction measurements are sensitive to the charge distribution of core electrons and not of valence electrons. Therefore if a local breaking of symmetry in the distribution of the V d electrons were present on a local scale without the long-range order required by the noncentrosymmetric space group P2 1 mn ͑as suggested by the optical conductivity data we will present in Sec. IV D͒, it would not be detectable in an x-ray-diffraction experiment: X-rays would just see the ''space average'' given by the centrosymmetric space group Pmmn.
Group-theoretical analysis
An alternative way to assess the symmetry issue is to investigate the Raman and infrared phonon spectra, comparing the number of experimentally observed modes to the number expected for the two different space groups on the basis of group theory. Obviously, a large number of modes has to be expected because each unit cell contains two formula units, corresponding to 48 degrees of freedom, which will be reflected in 48 phonon branches.
In the space group Pmmn the site groups in the unit cell are: C 2v z for the 2 Na and the 2 O͑1͒ atoms, and C s xz for the 4 V, the 4 O͑2͒, and the 4 O͑3͒. Following the nuclear site group analysis method extended to crystals, 24 the contribution of each occupied site to the total irreducible representation of the crystal is ⌫ NaϩO(1) ϭ2͓A g ϩB 1u ϩB 2g ϩB 2u ϩB 3g ϩB 3u ͔,
Subtracting the silent modes (3A u ) and the acoustic modes (B 1u ϩB 2u ϩB 3u ), the irreducible representation of the optical vibrations, for the centrosymmetric space group Pmmn, is
corresponding to 24 Raman (A g ,B 1g ,B 2g ,B 3g ) and 18 infrared (B 1u ,B 2u ,B 3u ) active modes. In the analysis for the noncentrosymmetric space group P2 1 mn, we have to consider only the site group C s yz for all the atoms in the unit cell: 2 Na, 2 V͑1͒, 2 V͑2͒, 2 O͑1͒, 2 O͑2͒, 2 O͑3͒, 2 O͑4͒, and 2 O͑5͒. Therefore the total irreducible representation is 8ϫ⌫ C s yzϭ 8ϫ͓2A 1 ϩA 2 ϩB 1 ϩ2B 2 ͔.
Once again, subtracting the acoustic modes A 1 ϩB 1 ϩB 2 ͑there is no silent mode in this particular case͒, the irreducible representation of the optical vibrations, for the noncentrosymmetric space group P2 1 mn, is
corresponding to 45 Raman (A 1 ,A 2 ,B 1 ,B 2 ) and 37 infrared (A 1 ,B 1 ,B 2 ) active modes.
As a final result, we see that the number of optical vibrations, expected on the basis of group theory, is very different for the two space groups. Moreover, whereas in the case of Pmmn the phonons are exclusively Raman or infrared active, for P2 1 mn, because of the lack of inversion symmetry, there is no more distinction between gerade and ungerade and certain modes are, in principle ͑group theory does not say anything about intensities͒, detectable with both techniques.
III. CHARGED-MAGNON MODEL
In the context of the extensive work done, in the last few years, on 2D Sϭ1/2 quantum AF and their 1D analogs, it has been shown both experimentally and theoretically [25] [26] [27] [28] [29] [30] that also optical spectroscopy, besides elective techniques like Raman and neutron scattering, can be a very useful probe in studying the spin dynamics in this systems. For example, in the 2D system La 2 CuO 4 ͑1D system Sr 2 CuO 3 ) where twomagnon ͑two-spinon͒ excitations are in principle not optically active because of the presence of a center of inversion that inhibits the formation of any finite dipole moment, phonon-assisted magnetic excitations were detected in the mid-infrared region. 25, 28 These magnetoelastic absorption processes are optically allowed because the phonon there involved is effectively lowering the symmetry of the system.
Let us now concentrate on a system where a breaking of symmetry is present because of charge ordering. We show that, in this case, magnetic excitations are expected to be directly optically active and detectable in an optical experiment as charged bimagnons: Double spin-flip excitations carrying a finite dipole moment. We will do that investigating the spin-photon interaction in a single two-leg ladder with a charge disproportionated ground state. On the basis of this model we will later interpret the optical conductivity spectra of ␣Ј-NaV 2 O 5 .
A. Model Hamiltonian
In this section we discuss the single two-leg ladder depicted in Fig. 3 , where t Ќ and t ʈ are the hopping parameters for the rungs and the legs, respectively, d Ќ is the length of a rung, and Ϫ⌬/2 and ϩ⌬/2 are the on-site energies for the left and the right leg of the ladder, respectively. We work at quarter filling, i.e., one electron per rung. The total Hamiltonian H T of the system is
where L j, † (R j, † ) creates an electron with spin on the left-hand ͑right-hand͒ site of the jth rung, U is the on-site Hubbard repulsion, n jR↑ n jR↓ (n jL↑ n jL↓ ) is counting the double occupancies on the right-hand ͑left-hand͒ site, n jC ϭ(n jR Ϫn jL )/2 is the charge displacement operator, and ⌬ is the potential energy difference between the two sites. Considering only H 0 at quarter filling one immediately realizes that ⌬ is not only breaking the left-right symmetry of the system ͑for the symmetric ladder ⌬ϭ0), but it is also introducing a long-range charge ordering with one electron per site on the left leg of the ladder. Working in the limit t Ќ ӷt ʈ we can consider each rung as an independent polar molecule ͑with one electron͒ described by the Hamiltonian H j0 ϩH jЌ . The two solutions are lopsided bonding and antibonding wave functions ͉L ͘ϭu͉L͘ϩv͉R͘, and ͉R ͘ϭu͉R͘ Ϫv͉L͘, with
where E CT ϭͱ⌬ 2 ϩ4t Ќ 2 is the splitting between these two eigenstates. The excitation of the electron from the bonding to the antibonding state is an optically active transition with a degree of charge transfer ͑CT͒ from the left to the right site which is larger the bigger the ⌬. It is possible to calculate the integral of the real part of the optical conductivity 1 () for this excitation, quantity that can be very useful in the analysis of optical spectra. We start from the general equation
where V is the volume, q e is the electron charge and i is the site index. As for a single rung ͗R ͉x i ͉L ͘ϭϪd Ќ t Ќ /E CT , we obtain the following expression, which is exact for one electron on two coupled tight-binding orbitals:
where N is the volume density of the rungs. Comparing Eq. ͑9͒ and the expression for E CT with the area and the energy position of the CT peak observed in the experiment, we can extract both t Ќ and ⌬.
In the ground state of the Hamiltonian H 0 ϩH Ќ , each electron resides in a ͉L͘ orbital, with some admixture of ͉R͘. Let us now introduce the coupling of the rungs along the legs, considering H ʈ and a small fragment of the ladder with only two rungs. We have now to take into account the spin degrees of freedom: If the two spins are parallel, the inclusion of H ʈ has no effect, due to the Pauli principle. If they form a Sϭ0 state, the ground state can gain some kinetic energy along the legs by mixing in states where two electrons reside on the same rung. We start from the singlet ground state for the two rungs:
Sketch of the single two-leg ladder. Circles represent the ionic sites having on-site energies Ϫ⌬/2 and ϩ⌬/2 on the left and on the right leg of the ladder, respectively. t Ќ and t ʈ are the hopping parameters for the rungs and the legs, respectively, d Ќ is the length of a rung, and j is the rung index. Also indicated is the relation, assumed throughout the discussion, between the different energy scales of the model.
with eigenvalue E L 1 L 2 ϭϪE CT , and we study the effect of H ʈ using a perturbation expansion in t ʈ /E CT , to the second order. However, H ʈ ͉L 1 L 2 ͘ does not coincide with any of the singlet eigenstates of the system consisting of two electrons on one rung with the Hamiltonian H j0 ϩH jЌ . In order to obtain the exchange coupling constant J ʈ between two spins on neighboring rungs, we have first to calculate the set of spin-singlet eigenstates for the two electrons on one rung, and then to evaluate the fractional parentages of H ʈ ͉L 1 L 2 ͘ with respect to that set. The Hilbert subspace of two-electron spin-singlet states is spanned by the vectors
On this basis the Hamiltonian of the jth rung is
A significant simplification of the problem occurs in the large U limit which, moreover, elucidates the physics of exchange processes between a pair of dimers in an elegant and simple way. We therefore take the limit U→ϱ. The solutions for ⌬ϭ0 are: 32 The ͑anti͒symmetric linear combinations of ͉L j L j ͘ and ͉R j R j ͘ with energy U, and ͉L j R j ͘ with energy E LR ϭϪ4t Ќ 2 /U→0. The triplet states have energy 0. For a general value of ⌬, still obeying ⌬ӶU, the only relevant eigenstate for the calculation of the exchange processes between neighboring dimers is ͉L j R j ͘, with energy E LR ϭ0. The other two states with energy of order U are projected out in this limit.
We can now go back to the problem of two rungs with one electron per rung, and consider the hopping along the legs treating H ʈ as a small perturbation with respect to H 0 ϩH Ќ . We proceed by calculating the corrections to ͉L 1 L 2 ͘ by allowing a finite hopping parameter t ʈ between the rungs. Using lowest-order perturbation theory, the ground-state energy of a spin singlet is:
͑15͒
We proceed by calculating the coefficients of fractional parentage by projecting H ʈ ͉L 1 L 2 ͘ on the two-electron single eigenstates of a single rung:
͑16͒
Calculating the second-order correction to E L 1 L 2 for the S ϭ0 state, in the limit where U→ϱ, and realizing that the correction for the Sϭ1 spin configuration is zero, we obtain the exchange coupling constant J ʈ :
. ͑17͒
B. Interaction Hamiltonians and effective charges
Let us now consider three rungs of the ladder ͑see Fig. 4͒ to understand the role of spin-flip excitations in this system. Because of the energy gain J ʈ , in the ground state we have antiparallel alignment of the spins ͑Fig. 4, left-hand side͒. The jth electron is described by the lopsided bonding wave function ͉L j ͘ and, because of the virtual hopping to the nearest-neighbor ͑NN͒ rungs, by states where two electrons reside on the same rung. Working in the limit U→ϱ these states have one electron in the ͉L͘ and one in the ͉R͘ state on the same rung. Therefore the charge of the jth electron is asymmetrically distributed not only over the jth rung ͑dark gray area in Fig. 4 , left͒ but also on the NN rungs ͑light gray area in Fig. 4 , left͒. However, in the latter case most of the charge density is localized on the right leg of the ladder. If we flip the spin of the jth electron ͑Fig. 4, right-hand side͒ no virtual hopping is possible any more to the NN rungs because of the Pauli principle. The electron charge distribution is now determined only by the lopsided wave function ͉L j ͘ ͑dark gray area in Fig. 4 , right͒. As a result, there is a net dipole displacement of the antiparallel spin configuration compared to the parallel one: The spin-flip excitations carry a finite dipole moment parallel to the rung direction (a axis͒. This dipole moment can couple to the electric field of the incident radiation in an optical experiment, and result in what we refer to as charged bimagnon excitations. One may remark, at this point, that only double spin flips can be probed in an optical experiment because of spin conservation. However, what we just discuss for a single spin flip can be extended to the situation where two spin flips, on two different rungs, are considered.
The coupling to light with E ជ ʈa ជ ͑rung direction͒ can now be included using the dipole approximation. The only effect is to change the potential energy of the ͉R͘ states relative to the ͉L͘ states. In other words, we have to replace ⌬ with FIG. 4 . Pictorial description of the electric dipole moment associated with a single spin flip in the asymmetrical two-leg ladder. If spins are antiparallel ͑left-hand side͒, the charge of the jth electron is asymmetrically distributed not only over the jth rung but also on the NN rungs ͑with opposite asymmetry͒, because of the virtual hopping. If we flip its spin ͑right-hand side͒, the jth electron is confined to the jth rung, resulting in a reduced charge density on the right leg of the ladder. Therefore there is a net dipole displacement ͑along the rung direction͒ of the antiparallel spin configuration compared to the parallel one.
⌬ϩq e d Ќ E a , where E a is the component of the electric field along the rung. The coupling to the CT transition on the rungs is given by the Hamiltonian
The Hamiltonian for the spin-photon coupling can be obtained taking the Taylor expansion of J ʈ with respect to E a , and retaining the term which is linear in the electric field.
Noticing that dE a ϭd⌬/q e d Ќ , we have
where
is the effective charge involved in a double spin-flip transition, and h S ϭ ͚ j S ជ j •S ជ jϩ1 . In the limit U→ϱ, the effective charge reduces to
where J ʈ is given by Eq. ͑17͒. One has to note that for a symmetrical ladder, where ⌬ϭ0, the effective charge q m vanishes, and the charged magnon effect disappears: The peculiar behavior of the spin flips we just described is an exclusive consequence of the broken left-right symmetry of the ground state. On the other hand, the bonding-antibonding transition would still be optically active. However, the bonding-antibonding energy splitting would be determined only by t Ќ , i.e., E CT Ј ϭ2t Ќ . At this point we like to speculate on the role played by ⌬ in determining not only the optical activity of the double spin-flip excitations but also the insulating ͑metallic͒ nature of the system along the leg direction. For ⌬ϭ0 and for strong on-site Coulomb repulsion U, the energy cost to transfer one electron from one rung to the neighboring one is E CT Ј ϭ2t Ќ . Therefore the system is insulating for 4t ʈ ϽE CT Ј ϭ2t Ќ and metallic in the opposite case. If we now start from a metallic situation 4t ʈ уE CT Ј ϭ2t Ќ , switching on ⌬ we can realize the condition 4t ʈ ϽE CT ϭͱ⌬ 2 ϩ4t Ќ 2 which would result in a metal-insulator transition and, at the same time, in optical activity for the charged bimagnons.
C. Spectral weights
In this section we will attempt to estimate what would be, in an optical experiment, the relative spectral weights for the CT and the charged bimagnon excitations of the single twoleg ladder. In particular, we want to show that these quantities can be expressed in terms of properly defined correlation functions. Considering the integral of the optical conductivity, Eq. ͑8͒, and the interaction Hamiltonians H CT and H S , we can write:
Let us first concentrate on the CT excitation which is a simpler problem because, as we discussed in Sec. III A, on each rung we are dealing with one electron on two coupled tight-binding orbitals ͉L ͘ and ͉R ͘. Therefore only one energy term (E n ϪE g )ϭE CT has to be considered in the previous equation. We can then write
where we took into account that the expectation value of n C over the ground state is a real number. From Eqs. ͑21͒ and ͑23͒, we obtain
where we have introduced the correlation function
For the ground state of N independent rungs per unit volume
2 . Therefore g C ϭ0 if the two sites on a rung are completely independent: uϭ1 and vϭ0, for t Ќ ϭ0 and ⌬ 0. On the other hand, g C has its maximum value g C ϭN when the rungs form homopolar molecules: uϭvϭ1/ͱ2, for t Ќ 0 and ⌬ϭ0. Noticing that 1/(2uv) 2 ϭ1ϩ(⌬/2t Ќ ) 2 one can see that Eqs. ͑24͒ and ͑9͒ give exactly the same result.
In performing a similar quantitative analysis for the spinflip excitations in the single two-leg ladder, we have to consider the elementary excitations of the 1D Sϭ1/2 HB AF, system which does not have long-range magnetic order at any temperature due to its 1D character. It has been shown by Faddeev and Takhtajan 33 that the true elementary excitations of the 1D HB AF are doublets of Sϭ1/2 spinon excitations. Each spinon is described by the dispersion relation
The two-spinon continuum, with total spin Sϭ1 or Sϭ0, is defined by ⑀Ј(q)ϭ⑀Ј(k 1 )ϩ⑀Ј(k 2 ), where qϭk 1 ϩk 2 , and k 1 and k 2 are the momenta of the spinons. The lower boundary is found for k 1 ϭ0 and k 2 ϭq ͑or the other way around͒:
In the present case, we are dealing with double spin flips generated by the interaction Hamiltonian H S . What is then relevant is the four-spinon continuum defined by ⑀Ј(q) ϭ ͚ i ⑀Ј(k i ), where qϭ ͚ i k i , and the index i labels the four spinons. Of this excitation spectrum we would actually probe in an optical experiment only the qϭ0 ͑or equivalently q ϭ2) states, with total spin Sϭ0. These states form a continuum at qϭ0 extending from ⑀ 1 Ј(0)ϭ0 to ⑀ 2 Ј(0)ϭ2J. In fact, because Eq. ͑26͒ has its maximum ⑀ max Ј ϭJ/2 for k ϭ/2, four spinons with the same kϭ/2 correspond to the qϭ2 (qϭ0) excited state with the highest possible energy: ⑀ 2 Ј(0)ϭ4⑀ max Ј ϭ2J.
If we now go back to Eq. ͑22͒, we see that the evaluation of the integrated optical conductivity for the spin excitations is problematic because it requires a detailed analysis of the matrix elements for the states within the four-spinon continuum, at qϭ0. We can simplify the problem by means of a very crude approximation and obtain a result which, although not rigorous, yet is meaningful for a comparison with the experiment. Let us replace in Eq. ͑22͒ the quantity (E n ϪE g ) with the average energy value of the four spinon continuum: E S ϭJ ʈ . In this way, as in the case of the CT excitations, we can write
where g S (T) is the spin-correlation function defined as
One has to note that a nonzero value of g S requires that the total Hamiltonian H T and the interaction Hamiltonian H S do not commute with each other. This condition would be realized including, in H T or in h S , NNN interaction terms which would, unfortunately, complicate the problem considerably. However, a finite value of g S is obtained also in case of an AF broken symmetry of the ground state. We can then estimate an upper limit for g S starting from a long-range Néel ordered state, i.e., ͉g͘ϭ͟ j ͉L 2 j,↑ L 2 jϩ1,↓ ͘. Over this ground state we can calculate g S ϭN. On the other hand, for a random orientation of spins we would obtain g S ϭ0. The real spin configuration of the system is of course something in between these two extreme cases and the value of g S depends on the details of the many-body wave function of the spins. In particular, it depends on the probability of having fragments of three neighboring spins ordered antiferromagnetically. Therefore g S is higher the lower is the temperature and reaches for T→0 its maximum value, which would be strictly smaller than g S ϭN in a truly 1D system. In relation to the interpretation of the optical conductivity data of ␣Ј-NaV 2 O 5 within the charged magnon model, it is important to note that, in a dimerized singlet ͑or triplet͒ configuration of the single two-leg ladder, we have g S ϭ0.
In conclusion, the intensity of the spin fluctuations relative to the CT excitations in terms of effective charges, for the single two-leg ladder system, is given by
On the basis of the analysis presented above, we can state that the maximum limiting value for this quantity, in the limit U→ϱ and with J ʈ given by Eq. ͑17͒, is
. ͑30͒
IV. OPTICAL SPECTROSCOPY
We investigated the optical properties of ␣Ј-NaV 2 O 5 in the frequency range going from 30 to 32 000 cm Ϫ1 . Highquality single crystals were grown by high-temperature solution growth from a vanadate mixture flux. 34 The crystals, with dimensions of 1, 3, and 0.3 mm along the a, b, and c axes, respectively, were aligned by conventional Laue diffraction, and mounted in a liquid-He flow cryostat to study the temperature dependence of the optical properties between 4 and 300 K. Reflectivity measurements, in near normal incidence configuration (ϳ10°), were performed on two different Fourier transform spectrometers: A Bruker IFS 113v, in the frequency range 20-7000 cm Ϫ1 , and a Bomem DA3, between 6000 and 32 000 cm Ϫ1 . Polarized light was used, in order to probe the optical response of the crystals along the a and b axes. The absolute reflectivity was obtained by calibrating the data acquired on the samples against a gold mirror, from low frequencies up to 15 000 cm Ϫ1 , and an aluminum mirror for higher frequencies. The optical conductivity was calculated from the reflectivity data using KramersKronig relations.
Let us now, as an introduction to what we will discuss in detail in the following sections, describe briefly the main features of the optical spectra of ␣Ј-NaV 2 O 5 , over the entire frequency range we covered with our experimental systems. In Fig. 5 we present reflectivity and conductivity data of ␣Ј-NaV 2 O 5 at 300 K for Eʈa ͑i.e., Ќ to the chain direction͒ and Eʈb ͑i.e., ʈ the chain direction͒ in the frequency range 30-17 000 cm Ϫ1 . We can observe a very rich and peculiar excitation spectrum, characterized by strong anisotropy for direction parallel and perpendicular to the V-O chains.
For Eʈ chain, the far-infrared region (Ͻ800 cm Ϫ1 ) is characterized by strong optical-phonon modes, with no background conductivity, as expected for an ionic insulator. At higher frequencies a strong electronic absorption ͑peaking at ϳ9000 cm Ϫ1 ) is directly observable in both reflectivity and conductivity. Moreover, in the mid-infrared region ͑between 800 and 5000 cm Ϫ1 ) we detected a very weak continuum of excitations, as shown by the finite value of the conductivity ͓see inset of Fig. 5͑b͔ and by the reflectivity which is continuously raising in that frequency range ͓Fig. 5͑a͔͒.
On the other hand, for EЌ chain, a weak broad band of optical absorption, additional to the phonon modes, was detected in the far-infrared region. This is directly recognizable in the reflectivity spectrum ͓Fig. 5͑a͔͒: Reducing the frequency of the incoming light, contrary to what observed for Eʈ chain, we can observe an overall increase in reflectivity which masks the contribution due to the sharp phonon lines. At the same time, the interference fringes, due to Fabry-Perot resonances, which were dominating the optical reflectivity below 140 cm Ϫ1 for Eʈ chain, are almost completely suppressed for EЌ chain, indicating a stronger absorption for the latter polarization. In the optical conductivity, a continuum, with a broad maximum in the far infrared ͓see inset of Fig. 5͑b͔͒ , extends from very low frequencies up to the electronic excitation at ϳ7500 cm Ϫ1 ϳ1 eV, which is now much more intense than the similar one detected for Eʈ chain. Moreover, along the direction perpendicular to the V-O chains, we can observe an additional shoulder in the conductivity spectrum, between 3000 and 5000 cm Ϫ1 . Finally, for both polarizations, an absorption edge due to the onset of charge-transfer transitions was detected at ϳ3 eV ͑not shown͒, in agreement with Ref. 35 .
A. Phonon spectrum: High-temperature phase
We will now concentrate on the phonon spectra of the high-temperature undistorted phase of ␣Ј-NaV 2 O 5 . We will try to assess the symmetry issue by comparing the number and the symmetry of the experimentally observed optical vibrations to the results obtained from the group-theoretical analysis for the two different space groups proposed, for ␣Ј-NaV 2 O 5 , in the undistorted phase. In Fig. 6 we present the reflectivity data for E perpendicular and parallel to the V-O chains ͑i.e., along the a and b axes, respectively͒, up to 1000 cm Ϫ1 , which covers the full phonon spectrum for these two crystal axes. In this respect, different is the case of the c axis: Along this direction a phonon mode was detected at ϳ1000 cm Ϫ1 , as we will show in Sec. IV C while discussing the results reported in Fig. 11 . In Fig. 6 the data are shown for Tϭ100 K, temperature which is low enough for the phonons to be sufficiently sharp and therefore more easily detectable. At the same time, it is far from T c , so that we can identify the phonon spectrum of the undistorted phase without having any contribution from the one of the lowtemperature distorted phase.
In Fig. 6 three pronounced phonon modes are observable for Eʈ chain ( TO Ϸ177, 371, and 586 cm Ϫ1 , at 100 K͒, and three for EЌ chain ( TO Ϸ137, 256, and 518 cm Ϫ1 , at 100 K͒. It has to be mentioned that the feature at 213 cm Ϫ1 along the a axis, which looks like an antiresonance, is a leakage of a c-axis mode 36 due to the finite angle of incidence of the radiation on the sample (ϳ10°), and to the use of p polarization ͑therefore with a finite Eʈc component͒ to probe the a-axis optical response. Analyzing in detail the spectra few more lines are observable, as shown in the insets of Fig. 6 . Along the b axis a fourth phonon is present at 225 cm Ϫ1 : Being the sample a 300-m-thick platelet characterized by some transparency in this frequency region, Fabry-Perot interferences with a sinusoidal pattern are measurable. At 225 cm Ϫ1 the pattern is not regular anymore, indicating the presence of an absorption process. From the temperature dependence, it can be assigned to a lattice vibration. Similarly, three more phonons are detected along the a axis at 90, 740, and 938 cm Ϫ1 . In conclusion, six a-axis and four b-axis phonons were detected on ␣Ј-NaV 2 O 5 , in the high-temperature undistorted phase. The resonant frequencies of these vibrational modes are summarized, for two different temperatures, in Table I . These results compare better with the group-theoretical analysis for the centrosymmetric space group Pmmn ͓see Eq. ͑1͔͒, which gave seven and four vibrational modes for Eʈa and Eʈb, respectively, than with the analysis for the noncentrosymmetric P2 1 mn. In fact, in the latter case 15 and 7 phonons ought to be expected ͓see Eq. ͑2͔͒. Therefore in agreement with the x-ray structure redetermination, 10-12 also the optical investigation of the phonon spectra indicates the centrosymmetric space group Pmmn as the most probable one for ␣Ј-NaV 2 O 5 , at temperatures above T c .
However, P2 1 mn is in principle not completely ruled out as a possible space group on the basis of the optical-phonon spectra. In fact, group theory gives information only about the number of phonons that one could expect but not about their resonant frequencies and, in particular, their effective strength which, in the end, determines whether a mode is detectable or not. The only really conclusive answer would have been to detect more modes than allowed by symmetry for the space group Pmmn. In the present situation, it may be possible that the correct space group is still the noncentrosymmetric P2 1 mn and that some of the phonons have escaped detection because the frequency is too low for our setup or due to a vanishing oscillator strength. In this respect, we have to stress that, indeed, the oscillator strength of the additional modes expected for the noncentrosymmetric P2 1 mn would have to be small because, as indicated from the x-ray-diffraction analysis, 10 if a deviation from centrosymmetry is present, it is smaller than 0.03 Å . We have also been performing a lattice dynamical calculation for both space groups which shows that, removing the center of inversion and changing the valence of the V ions ͑i.e., from the uniform V 4.5ϩ for all sites to an equal number of V 4ϩ and V 5ϩ sites͒, the number of modes characterized by a finite value of the oscillator strength does not increase, even if a strictly long-range charge ordering in 1D chains of V 4ϩ and of V 5ϩ ions is assumed. It has to be mentioned that many independent investigations of the Raman and infrared phonon spectra, on ␣Ј-NaV 2 O 5 , were reported. 13, [35] [36] [37] [38] [39] [40] [41] [42] [43] Of course, there was not immediately a perfect agreement between all the different data. As a matter of fact, in early experimental studies of lattice vibrations, 35, 37 the optical spectra there presented were interpreted as an evidence for the noncentrosymmetric space group P2 1 mn. At this stage, we believe that the results of our investigation performed on high quality single crystals, give a very complete picture of the infrared vibrational modes of ␣Ј-NaV 2 O 5 , in the undistorted phase, for Eʈa and Eʈb. Moreover, our results are completely confirmed by those recently obtained by Smirnov and co-workers 36, 38 ͑who could measure also the c-axis phonon spectrum͒ on samples of different origin.
Before moving on to the phonon spectra characteristic of the low-temperature distorted phase of ␣Ј-NaV 2 O 5 , we would like to discuss the temperature dependence, from 4 to 300 K, of the lattice vibrations characteristic of the uniform phase. We are here referring to those optical modes which are observable at any temperatures above T c and therefore reflect the symmetry of the system in the high-temperature phase. In order to extract, from the experimental data, information about their parameters, we had to fit the data using Fano line shapes for the phonon peaks. 44 In fact, most of them, in particular along the a axis, are characterized by a strong asymmetry indicating an interaction with the underlaying low-frequency continuum. In this case the symmetrical Lorentz line shape was not suitable and the asymmetrical Fano profile had to be used: The latter model contains an additional parameter which takes care of the degree of asymmetry of an excitation line, due to the coupling between that discrete state and an underlaying continuum of states.
The results for the percentage change in resonant frequency, the damping, and the oscillator strength of the most intense optical phonons of the undistorted phase of ␣Ј-NaV 2 O 5 , are plotted in Fig. 7 , between 4 and 300 K. One can observe that some of the modes show a sudden change in their parameters between 40 and 32 K, i.e., upon reducing the temperature below T c ϭ34 K. In particular, the oscillator strength of the phonons at 371 and 586 cm Ϫ1 , along the b axis, decreases across the phase transition, suggesting either a transfer of spectral weight to zone boundary folded modes activated by the phase transition or to electronic degrees of freedom. We will see later, in the course of the paper, that for the chain direction the reduction of the phonon oscillator strength will be compensated mainly by the strength gained by the zone boundary folded modes activated by the phase transition. On the other hand, for EЌ chain, the change in spectral weight of the electronic excitations will appear to be particularly important.
B. Phonon spectrum: Low-temperature phase
Upon cooling the sample below T c ϭ34 K, significant changes occur in the optical phonon spectra as one can see in Fig. 8 , where we present the reflectivity spectra of ␣Ј-NaV 2 O 5 measured, for EЌ chain ͑a͒ and Eʈ chain ͑b͒, below ͑4 K͒ and just above ͑40 K͒ the phase transition. Contrary to the case of CuGeO 3 , where we could clearly observe in reflectivity only a single, very weak additional phonon, [46] [47] [48] 3 , suggests larger lattice distortions in ␣Ј-NaV 2 O 5 , on going through the phase transition or, alternatively, a larger electronic polarizability. The resonant frequencies ͑at Tϭ4 K͒ of all the detected zoneboundary folded modes are summarized in Table II . The observation of many identical or almost identical frequencies for both axes, which is an important information for a full understanding of the structural distortion, is an intrinsic property of the low-temperature phase. Experimental errors, like polarization leakage or sample misalignment, are excluded from the well-defined anisotropy of the phonon spectrum of the undistorted phase. A more detailed discussion of this point will be presented in Sec. IV C, in relation to the reflectivity data reported in Fig. 11 .
An enlarged view of few of the frequency regions where the zone-boundary folded modes were detected, is given in Fig. 9 . We can observe the gradual growing of the these modes, whose oscillator strength increases the more the temperature is reduced below T c ϭ34 K. Moreover, the reflectivity data acquired for EЌ chain ͓panel ͑a͒ in Fig. 8 and panels ͑a͒ and ͑b͒ in Fig. 9͔ show that also the underlaying continuum as a considerable temperature dependence. In fact, the reflectivity is decreasing, over the entire frequency range, upon reducing the temperature from 40 to 4 K. In particular, in Fig. 9͑a͒ , we can see that very pronounced interference fringes, due to Fabry-Perot resonances, are present at 4 K for frequencies lower than 136 cm Ϫ1 , indicating a particularly strong reduction of the absorption in that frequency region. This effect is, in our opinion, related to the opening of the magnetic gap in the excitation spectrum, and will be discussed in great detail in Sec. IV D.
Of all the detected folded modes, for experimental reasons ͑i.e., higher sensitivity of the detector and therefore higher accuracy of the results in this frequency range͒, we carefully investigated the ones at 718 (Eʈa,b) and 960 cm Ϫ1 (Eʈa), for several temperatures between 4 and 40 K. We fitted these phonons to a Fano profile because the 718-cm Ϫ1 modes show an asymmetrical line shape. The results of the percentage change in resonant frequency and damping, of the normalized oscillator strength, and of the Fano asymmetry parameter are plotted versus temperature in the different panels of Fig. 10 . We use here an asymmetry parameter ⌰ ͑rad͒ redefined in such a way that the larger the value of ⌰, the stronger is the asymmetry of the line: A Lorentz line shape is eventually recovered for ⌰ϭ0. 49 Let us now start by commenting on the results obtained for the oscillator strength: In Fig. 10͑d͒ we see that S has a similar behavior for the three different lines. However, the 960-cm Ϫ1 peak vanishes at T c whereas the two 718-cm Ϫ1 modes have still a finite intensity at Tϭ40 K and, as a matter of fact, disappear only for TϾ60Ϫ70 K. At the same time, the line shape of the 960 cm Ϫ1 mode is perfectly Lorentzian at all temperatures, whereas the two other phonons show a consistently increasing asymmetry for TϾ32 K. Also the FIG. 7. Resonant frequency shift, damping, and oscillator strength plotted vs T, for the most intense optical phonons of the undistorted phase. We are here referring to modes which are observable at any temperatures above T c and therefore reflect the symmetry of ␣Ј-NaV 2 O 5 in the high-temperature phase. These modes are still well detectable below T c ; the reduction of their oscillator strength across the phase transition marks the symmetry change due to the lattice distortion. increase in resonant frequency ͓Fig. 10͑a͔͒ and the reduction of the damping ͓Fig. 10͑c͔͒ are much more pronounced for the two 718-cm Ϫ1 modes. From these results we conclude that the second-order character of the phase transition is nicely shown by the behavior of S for the 960-cm Ϫ1 folded mode. On the other hand, pretransitional fluctuations manifest themselves in the finite intensity of the 718-cm Ϫ1 modes above T c , and in the extremely large value of ⌰ and ␥ for these lines (␥ϳ35 cm Ϫ1 at 40 K͒. In other words, the lattice distortion is already taking place in the system, at temperature much higher than T c , but with a short-range character, whereas a coherent long-range distortion is realized only below the phase-transition temperature. In this respect, it is worth mentioning that similar pretransitional fluctuations, below 70 K, have been observed also in the course of a study of the propagation of ultrasonic waves along the chain direction of ␣Ј-NaV 2 O 5 , 50 and, very recently, in x-ray diffuse scattering measurements.
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C. Symmetry of the lattice distortion
We saw in the previous section that many of the folded zone-boundary phonon modes, activated by the phase transition, show the same resonant frequency for Eʈa and Eʈb ͑see Table II͒ , even though they are characterized by a different oscillator strength along the two different axes ͑e.g., Sϳ0.021 for Eʈa and Sϳ0.014 for Eʈb, for the 718-cm Ϫ1 modes at 4 K͒. This is quite a surprising result because the phonon spectrum of the undistorted high-temperature phase has a well defined anisotropy, at any temperature, with different resonant frequencies for vibrations polarized along the a and b axes ͑see Table I͒ . Similar anisotropy should then be present below the phase transition if the system is still orthorhombic, even for the folded modes.
To further check these findings, we performed reflectivity measurements on a single crystal of ␣Ј-NaV 2 O 5 , at the fixed temperature of 6 K, rotating the polarization of the incident light of an angle ͑see Fig. 11͒ . The sample was aligned in such a way to have the electric field of the light parallel to the a axis of the crystal, for ϭ0°and 180°, and parallel to the b axis, for ϭ90°. For these polarizations of the light the obtained results are, obviously, identical to those presented in Fig. 8 . However in Fig. 11 the data are shown in a different frequency range, extending up to 1050 cm Ϫ1 . We can then observe at ϳ1000 cm Ϫ1 along the a axis, which again was probed with p-polarized light, the antiresonance due to the leakage of a c-axis phonon. 36 Turning the polarization from ϭ0°to ϭ90°in steps ⌬ϭ10°, we observe a gradual decrease of the a-axis contribution and, at the same time, an increase of the b-axis contribution to the total reflectivity. From 90°to 180°͑not shown͒, the behavior is the reverse and the reflectivity spectra measured at ϭ90°ϩ n⌬ are just identical to those acquired at ϭ90°Ϫ n⌬. The spectra satisfy the following relations:
R͑45°͒ϩR͑Ϫ45°͒ϭR͑0°͒ϩR͑90°͒, ͑31͒
R͑ ͒ϭR͑ 0°͒cos 2 ͑ ͒ϩR͑90°͒sin 2 ͑ ͒. ͑32͒ This suggests that the system, even in the distorted phase, has the optical axes along the crystal directions a, b, and c ͓on the contrary, for a triclinic or a monoclinic structure there would be no natural choice of the optical axes and Eq. ͑32͒ would not be satisfied͔. However, the low-temperature folded mode at 718 cm Ϫ1 can be observed for all possible orientations of the electric field of the incident radiation ͑see Fig. 11͒ . Because identical resonance frequencies, along the a and the b axes of the crystal, were observed for six of the folded zone-boundary modes, we cannot believe in an accidental coincidence.
A possible explanation for the observed effect is as follows. In the low-temperature phase a nonmagnetic ground state is realized, and true singlets are present in ␣Ј-NaV 2 O 5 . The most probable situation is that the singlets are formed, within the ladders, over the plaquettes defined by four V ions. In this case, as shown in Fig. 12 , within one ladder there is an alternation of ''empty'' plaquettes and plaquettes containing a singlet ͑represented by a gray ellipsoid in Fig.  12͒ . Let us now assume that in adjacent ladders the charge is arranged in an oblique charge ordering pattern ͑OCOP͒, as shown in the left-hand side of Fig. 12 . The OCOP is consistent with the doubling of the lattice constant observed, along the a axis, in low-temperature x-ray scattering experiments. 2 Moreover, two different kinds of V ions are identifiable which could possibly explain the results obtained in lowtemperature NMR experiments 15 ͑for a more detailed discussion see Sec. V͒. In fact, there are V ions adjacent to empty plaquettes ͑white circles͒ and V ions adjacent to plaquettes containing a singlet ͑black circles͒, arranged in zigzag patterns on each ladder. Note that in our picture the nonequivalence of plaquettes along the b axis, indicated by the gray ellipsoids in Fig. 12 , is really a chicken-and-egg problem: Either the singlet formation occurs first, causing an alternation along b of nonequivalent plaquettes, which, in combination with the OCOP along a gives rise to a zigzag charge ordering. Alternatively, the zigzag charge order occurs first, which, in combination with OCOP causes the alternation of nonequivalent plaquettes along b. The resulting charge modulations are only small deviations from average occupation, which we represented graphically by the different gray shades.
At this stage, the low-temperature phonon spectra should still be characterized by a well defined anisotropy, with distinct eigenfrequencies for different polarizations of the electric field of the incoming radiation. However, there is no reason for the polarization of the folded zone-boundary modes to be precisely along the a or the b axes. In fact, they are polarized with a finite angle with respect to the crystal axes ͑e.g., along directions parallel and perpendicular to the diagonal long-range singlet pattern͒. If domains are present in the system, with opposite orientation for the OCOP ͑left-and right-hand sides of Fig. 12͒ , each domain will still be characterized by a phonon spectrum with a well defined polarization, as just discussed. However, in presence of such domains the phonon spectra measured in the experiments correspond to an average over many domains with the two possible orientations randomly distributed. As a result, almost no anisotropy would be found for light polarized along a and b axes.
A short-wavelength alternation of descending and ascending OCOP domains ͑also a 2aϫ2b supercell͒ corresponds closely to the structure recently reported by Lüdecke et al. 45 A similar structure was also considered by Riera and Poilblanc as one of the many possible realizations of chargedensity wave in this system.
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D. Optical conductivity
Very interesting information and a deeper understanding of the symmetry of ␣Ј-NaV 2 O 5 are obtained from the detailed analysis of the optical conductivity data, in particular when the electronic excitations are considered and compared to the result relative to CuGeO 3 ͑see Fig. 13͒ . On the latter compound we observed sharp phonon lines below 1000 cm Ϫ1 , 46-48 multiphonon absorption at ϳ1500 cm Ϫ1 , very weak ͓note the low values of 1 () in the inset of Fig.  13͑a͔͒ phonon-assisted Cu d-d transitions at ϳ14 000 cm Ϫ1 , 52 and the onset of the Cu-O charge-transfer ͑CT͒ excitations at ϳ27 000 cm Ϫ1 . On ␣Ј-NaV 2 O 5 , besides the phonon lines in the far-infrared region, we detected features that are completely absent in CuGeO 3 : A strong absorption peak at ϳ8000 cm Ϫ1 and, in particular for EЌ chain, a low-frequency continuum of excitations ͓see inset of Fig.  13͑b͔͒ . Our goal is to interpret the complete excitation spectrum for ␣Ј-NaV 2 O 5 , trying, in this way, to learn more about the system on a microscopic level. In order to do that, we have first to identify possible candidates for the excitation processes observed in the experimental data.
On the basis of intensity considerations, the peak at ϳ8000 cm Ϫ1 ϳ1 eV, in the optical conductivity of FIG. 12 . Possible charge ordering pattern in ␣Ј-NaV 2 O 5 , below T c . The grey ellipsoids represent the electronic charge involved in the formation of singlets, within the ladders, over every second plaquette formed by four V ions. On adjacent ladders, the charge is assumed to define an oblique charge ordering pattern ͑OCOP; see, e.g., left-hand side͒. Two different kinds of V ions are identifiable: V ions adjacent to empty plaquettes ͑white circles͒ and V ions adjacent to plaquettes containing a singlet ͑black circles͒, arranged in zigzag patterns on each ladder. If domains with different orientation for the OCOP are present in the system ͑left-and right-hand sides͒, the zigzag ordering of the different kind of V ions is destroyed in correspondence of a domain wall ͑dashed line͒.
␣Ј-NaV 2 O 5 , has to be ascribed to an optically allowed excitation. Contrary to the case of the absorption detected at ϳ 14 000 cm Ϫ1 on CuGeO 3 , it cannot be interpreted just as a d-d exciton on the transition-metal ion ͑i.e., V in the case of ␣Ј-NaV 2 O 5 ). In fact, this kind of transition is in principle optically forbidden and only weakly allowed in the presence of a strong parity-broken crystal field or electron-phonon coupling. We have now to recall one of the main consequences of the structural analysis which suggested as a most probable space group, for ␣Ј-NaV 2 O 5 in the undistorted phase, the centrosymmetric Pmmn: The existence of only one kind of V per unit cell, with an average valence of ϩ4.5. Taking into account that the hopping parameter along the rungs t Ќ , is approximately a factor of 2 larger than the one along the legs of the ladder t ʈ , 53, 54 all the other hopping amplitudes being much smaller ͑including the nn t xy ), ␣Ј-NaV 2 O 5 can be regarded as a quarter filled two-leg ladder system, with one V d electron per rung shared by two V ions in a molecular bonding orbital. 12 In this context, the most obvious candidate for the strong optical absorption observed at 1 eV is the on-rung bonding-antibonding transition, with a characteristic energy given by 2t Ќ . However, on the basis of LMTO band-structure calculation 53 and exact diagonalization calculation applied to finite-size clusters, 54 t Ќ was estimated to be ϳ0.30Ϫ0.35 eV, which gives a value for the bonding-antibonding transition lower than the experimentally observed 1 eV. This energy mismatch, and the strong dependence of the intensity of the 1 eV peak on the polarization of the light, are important pieces of information and will be discussed further in Sec. IV E.
Let us now turn to the infrared continuum detected for EЌ chain ͓see inset of Fig. 13͑b͔͒ . We already showed, discussing the low-temperature reflectivity data ͑see Figs. 8 and 9͒, that this broad band of optical absorption has a considerable temperature dependence: The overall reflectivity was decreasing upon reducing the temperature and, for TϽT c , Fabry-Perot resonances appear at frequencies lower than 136 cm Ϫ1 , indicating a particularly strong reduction of the optical absorption in that frequency region. These effects become even more evident when we consider the lowtemperature optical conductivity calculated from the reflectivity data via Kramers-Kronig ͑KK͒ transformations ͑see Fig. 14͒ . However, when we perform this kind of calculation we will obtain unphysical oscillations in the optical conductivity at frequencies where reflectivity is dominated by interference fringes. In addition, because KK transformations are integral equations one could expect some effects ͑ e.g., a wrong estimate of the background conductivity͒ also at frequencies other than those where interference fringes directly show up. More in detail, the concern is not that the infrared continuum detected for EЌ chain could be an artifact due to a pathological KK analysis ͑in fact, while discussing Figs. 5, 8, and 9, we showed that the continuum is directly observable in reflectivity͒, but rather that the absolute value of 1 () could be wrong. In order to verify the reliability of the KK analysis, not only in relation to this point but also to the effect of different low-and high-frequency extrapolations ͑which are needed to perform the KK integrals over frequencies ranging from zero to ϩϱ), we compared the KK results to 1 () we obtained with alternative methods: ͑i͒ High-frequency ellipsometry ͑0.8-4.5 eV͒. 55 ͑ii͒ Inversion of the Fresnel formulas in regions where we could measure both reflectivity and transmission. 55 ͑iii͒ From the parameters of a detailed fit of the reflectivity data. The fit is based on a routine which allows us to reproduce also the interference fringes due to multiple reflections within a thin sample.
As a result, we could conclude that 1 () calculated via KK transformation is reliable from very low frequencies up to 17 000 cm Ϫ1 , with an accuracy in the infrared of Ӎ1% ͑except in regions where interference fringes were detected͒. Above this frequency ͑we actually measured the reflectivity up to 32 000 cm Ϫ1 ), our 1 () starts to show a dependency on the high-frequency extrapolation and therefore is no longer completely reliable.
In Fig. 14͑b͒ we can observe, for Eʈ chain, only the sharpening of the phonon lines and the appearance of the zone-boundary folded modes. On the other hand, for EЌ chain we can observe, in addition to the folded modes below T c , first the increase of the continuum intensity upon cooling the sample from 300 to 40 K and, subsequently, a reduction of it from 40 to 4 K. In the frequency region below the 139 cm Ϫ1 phonon, whereas a reduction is observable in going from 300 to 40 K, not much can be said about the absolute conductivity of the 4 K data, because of the interference fringes.
In order to evaluate the low-temperature values of conductivity more precisely, we can fit the interference fringes directly in reflectivity. In fact, fitting the period and the amplitude of them, we have enough parameters to calculate right away the real and imaginary part of the index of refraction and, eventually, the dynamical conductivity 1 . The so obtained values are plotted versus the temperature in Fig.  15͑a͒ . The data for 100, 200, and 300 K were obtained via Kramers-Kronig transformations, whereas those for 4 and 32 K from the fitting of the interferences in the range 105-125 cm Ϫ1 . The 40-K point, as at that temperature very shallow fringes start to be observable, was calculated with both methods, which show a rather good agreement in this case. As a results we can observe ͓see Fig. 15͑a͔͒ a pronounced reduction of 1 , across the phase transition, corresponding to the opening of a gap in the optical conductivity.
It is difficult to evaluate precisely the gap size because of the phonon at 139 cm Ϫ1 ͓inset of Fig. 15͑a͔͒ . However, we can estimate a lower limit for the gap of ϳ136 cm Ϫ1 (17 Ϯ3 meV͒. The important information is that the value of the gap in the optical conductivity is approximately twice the spin gap value observed in inelastic neutron-scattering experiments 2 and magnetic susceptibility measurements, 56 for TϽ34 K. This finding indicates that the infrared broad band of optical absorption has to be related to electronic degrees of freedom: Because the range of frequency coincides with the low-energy-scale spin excitations, the most likely candidates for this continuum are excitations involving two spin flips ͑as already proposed in the early stage of the investigation of ␣Ј-NaV 2 O 5 ). 37 In relation to what we just discussed, it is interesting to note the effect of the opening of a gap, in the optical conductivity, on the phonon located at 139 cm Ϫ1 . This can be clearly identified in the inset of Fig. 15͑a͒ , where an enlarged view of 1 () at low frequency is given, for 100 and 4 K.
At 100 K this mode is characterized by a very pronounced anomaly of its line shape. As a matter of fact, fitting this phonon with a Fano line shape we obtained for the asymmetry parameter the value ⌰ϭϪ1.7 rad, indicating a strong coupling to the continuum. However at 4 K, once the gap is open and the intensity of the underlying continuum has decreased, a sharp and rather symmetrical line shape is recovered.
An additional information we can extract from the conductivity spectra is the value of the integrated intensity, and its temperature dependence, for the infrared broad band of optical absorption detected for EЌ chain. The oscillator strength, obtained by integrating 1 () ͑with phonons subtracted͒ up to ϳ800 cm Ϫ1 , is displayed in Fig. 15͑b͒ . It increases upon cooling down the sample from room temperature to T c , and rapidly decreases for TϽT c . The possible meaning of this behavior will be further discussed in the next section.
As a last remark, it is important to mention that lowtemperature measurements of the dielectric constant, in the microwave frequency range, were recently performed on ␣Ј-NaV 2 O 5 by different groups. 57, 58 The reported results show no anomaly, across the phase transition, for the real part of the dielectric constant along the b axis. On the other hand, along the a axis, a pronounced decrease below T c was found. The observed behavior, as a matter of fact, is in very good agreement with the temperature dependence of the oscillator strength of the low-frequency continuum present, in the optical spectra, along the a axis ͓Fig. 15͑b͔͒. This comparison is meaningful because the contribution of all possible optical excitations to the static dielectric constant is just given by their oscillator strengths. The very good agreement of the different results proves, as already suggested by the authors of Refs. 57 and 58, that the change in the very lowfrequency dielectric constant is related to electronic ͑mag-netic͒ degrees of freedom.
E. Charged bimagnons
In the previous section we identified possible candidates for the 1-eV excitation ͑on-rung bonding-antibonding transition͒, and for the low-frequency continuum detected on ␣Ј-NaV 2 O 5 for EЌ chain ͑double spin flips͒. However, we also stressed that, for a symmetrical quarter filled two-leg ladder system, the bonding-antibonding transition would be at 2t Ќ ϳ0.7 eV and not at the experimentally observed value of 1 eV. Moreover, also intensity and polarization (EЌ chain͒ of the continuum cannot be understood assuming the complete equivalence of the V sites required by the space group Pmmn. In fact, because of the high symmetry, no dipole moment perpendicular to the V-O chains would be associated with a double spin-flip process. Therefore no optical activity involving magnetic degrees of freedom would be detectable. Not even phonon-assisted spin excitations considered by Lorenzana and Sawatzky 26, 27, 29 ͑where the involved phonon is effectively lowering the symmetry of the system͒ could be a possible explanation for the observed spectra: The energy is too low for this kind of processes which, on the other hand, are probably responsible for the weak midinfrared continuum in the Eʈ chain spectra ͓see Fig. 13͑b͒ and, in particular, its inset͔.
A possible solution is to assume a charge disproportionation on each rung of the ladders without, however, any particular long-range charge ordering ͑see Fig. 16͒ . The latter is, in fact, most probably excluded by the x-ray-diffraction results and by the phonon spectra of the undistorted phase. It is worth mentioning that the assumption of charge disproportionation has been confirmed by calculations of the optical conductivity by exact-diagonalization technique on finitesize clusters. 59 Only in this way it was possible to reproduce the energy position of the 1 eV peak, and the anisotropy between a and b axes ͑see Fig. 13͒ . We can now try to interpret the optical data on ␣Ј-NaV 2 O 5 in the framework of the charged-magnon model developed in Sec. III.
Let us start from the analysis of the absorption band at 1 eV. We can model the jth rung, formed by two V ions, with the Hamiltonian H j0 ϩH jЌ , as in Eqs. ͑4͒ and ͑5͒, where the potential energy difference between the two sites ⌬ has the role of a charge disproportionation parameter: For the symmetric ladder ⌬ϭ0. The splitting between the two bonding and antibonding eigenstates ͉L ͘ and ͉R ͘, given by E CT ϭͱ⌬ 2 ϩ4t Ќ 2 , corresponds to the photon energy of the optical absorption. We see that, if ⌬ 0, the experimental value of 1 eV can be reproduced.
A second crucial piece of information is provided by the intensity of the absorption. We can calculate the integrated intensity of the 1-eV peak, in the conductivity data, and then take advantage of its functional expression derived in Sec. III ͓Eq. ͑9͔͒. This way we obtain from the spectra ͉t Ќ ͉Ϸ0.3 eV, value which is in very good agreement with those obtained from linear muffin-tin orbital band structure calculation, 53 and exact diagonalization calculation applied to finite-size clusters. 54 Combining this number with E CT ϭ1 eV, we obtain ⌬Ϸ0.8 eV. The corresponding two eigenstates have 90% and 10% character on either side of the rung. Therefore the valence of the two V ions is 4.1 and 4.9, respectively, and the optical transition at 1 eV is essentially a charge transfer ͑CT͒ excitation from the occupied V 3d state at one side of the rung to the empty 3d state at the opposite side of the same rung.
Let us now turn to the infrared continuum detected for EЌ chain. The presence of two V states (͉L͘ and ͉R͘) per spin, along with the broken left-right parity of the ground state on each rung, gives rise to the fascinating behavior of the spin flips described in detail in Sec. III for the quarter filled single two-leg ladder, and in a pictorial way for ␣Ј-NaV 2 O 5 , in Fig. 16 : If in a small fragment of the ladder each spin resides in a ͉L͘ orbital, with some admixture of ͉R͘, the inclusion of the coupling between the rungs, via the Hamiltonian H ʈ ͓Eq. ͑6͔͒, has no effect when the spins are parallel, due to the Pauli principle. If the spins form an S ϭ0 state, the ground state gains some kinetic energy along the legs by mixing in states where two electrons reside on the same rung. In the limit U→ϱ, these states have one electron in the ͉L͘ and one in the ͉R͘ state on the same rung. As a result, there is a net dipole displacement of the singlet state FIG. 16 . Cartoon of the electric dipole moment associated with a single spin flip in ␣Ј-NaV 2 O 5 , when a local breaking of symmetry in the charge distribution on each rung is assumed. If three neighboring antiparallel spins are laying on the same leg of the ladder ͑top͒, the charge of the jth electron is asymmetrically distributed not only over the jth rung but also on the NN rungs ͑with opposite asymmetry͒, because of the virtual hopping t ʈ . If we flip its spin ͑bottom͒, the jth electron is confined to the jth rung, resulting in a reduced charge density on the right leg of the ladder. Therefore there is a net dipole displacement ͑along the rung direction͒ of the antiparallel spin configuration compared to the parallel one.
compared to the triplet state: The spin-flip excitations carry a finite electric dipole moment along the rung direction.
From the expression for the exchange-coupling constant calculated in the limit U→ϱ ͓Eq. ͑17͔͒, and using the values of t Ќ and ⌬ calculated from the optical data and ͉t ʈ ͉Ϸ0.2 eV, 60 we obtain J ʈ Ϸ30 meV. It is significant that this value is comparable to those reported on the basis of magnetic susceptibility measurements, which range from 38 to 48 meV ͑see Refs. 56 and 1, respectively͒. Moreover, for the effective charge of the bimagnon excitation process ͓Eq. ͑20͔͒, we obtain q m /q e ϭ0.07. We can also compare the experimental intensity of the spin fluctuations relative to the CT excitations to the maximum limiting value calculated for this quantity ͓Eq. ͑30͔͒. For the parameters obtained from the conductivity spectra, the maximum relative intensity is ϳ0.0014. The experimental value is ϳ0.0008, at Tϭ300 K, in good agreement with the numerical estimate.
We can now interpret the temperature dependence of the spin-fluctuation continuum shown in Fig. 15͑b͒ : The oscillator strength increases upon cooling the sample from room temperature to T c , and rapidly decreases for TϽT c . Within the charged-magnon model, the increase marks an increase in short-range AF correlations of the chains: In fact, the intensity of the spin fluctuations is proportional to the spin-spin correlation function g S (T) defined in Eq. ͑28͒. Below T c , NN spin-singlet correlations become dominant; g S is suppressed, along with the intensity of the spin fluctuations.
In conclusion, by a detailed analysis of the optical conductivity, we provided a direct evidence for a local breaking of symmetry in the electronic charge distribution over the rungs of the ladders in ␣Ј-NaV 2 O 5 , in the high-temperature undistorted phase. Moreover, we showed that a direct twomagnon optical absorption process is responsible for the low-frequency continuum observed perpendicularly to the V-O chains.
V. DISCUSSION
As we discussed in the course of this paper, the interpretation of the phase transition in ␣Ј-NaV 2 O 5 is still controversial. On the one hand, the SP picture was suggested by preliminary magnetic susceptibility 1 and inelastic neutronscattering measurements. 2 On the other, x-ray-diffraction redeterminations of the crystal structure of the compound, in the high-temperature undistorted phase, [10] [11] [12] showed that the dimerization within well defined 1D magnetic chains is not very probable in ␣Ј-NaV 2 O 5 . Moreover, the magnetic field dependence of T c , expected for a true SP system on the basis of Cross and Fisher theory, 8, 9 has not been observed. 6, 7 Additional information came recently from NMR experiments: 15 Above T c , only one kind of V site ͑magnetic͒ was clearly detected, whereas no signature of nonmagnetic V 5ϩ was found. However, another set of magnetic V sites which are invisible in the NMR spectrum could not be ruled out. 15 On the other hand, below the phase transition, two inequivalent sets of V sites were detected and assigned to V 4ϩ and V 5ϩ . These results were then interpreted as an indication of the charge-ordering nature of the phase transition, in ␣Ј-NaV 2 O 5 . 15 Subsequently, many theoretical studies have been addressing this possibility. [16] [17] [18] [19] The main point to be explained is why a charge ordering would automatically result in the opening of a spin gap ͑with the same transition temperature͒. Among all the models, the more interesting seem to be those were a zigzag charge ordering on the ladders is realized. In this case, the ordering would immediately result in a nonmagnetic ground state, due to the formation of spin singlets on NN V sites belonging to two different ladders 16 or, alternatively, to the modulation of J ʈ within a single ladder. 18 In the discussion of our spectra of the optical conductivity, we showed that the infrared continuum, observed perpendicularly to the V-O chains direction, could be attributed to direct optical absorption of double spin-flip excitations. However, in order to have optical activity for these processes and, at the same time, to explain the energy position and the polarization dependence of the on-rung bonding-antibonding transition at 1 eV, we had to assume a charge disproportionation between the two V sites on a rung. This assumption seems to contrast the results of the x-ray-diffraction analysis [10] [11] [12] and of NMR measurements. 15 As far as the former is concerned, it is obvious that if the charge disproportionation does not have a long-range character it would not be detectable in an x-ray-diffraction experiment, but would still result in optical activity of charged bimagnon excitations. Regarding the disagreement with the NMR results, 15 we saw that the existence of another kind of V sites could not be completely excluded in the NMR spectrum. 15 Furthermore, in comparing the optical to the NMR data, there could also be a problem with the different time scales of the two experimental techniques ͑i.e., ''fast'' and ''slow'' for optics and NMR, respectively͒. Therefore if there are charge fluctuations in the system, as one would expect for a charge-ordering phase transition, the experimental results could be different.
From the analysis of the optical conductivity, we cannot really say which is the more appropriate picture for the phase transition in ␣Ј-NaV 2 O 5 . We saw that, indeed, the electronic and/or magnetic degrees of freedom are playing a leading role. This is shown, e.g., by the strong temperature dependence of the infrared spin fluctuation spectrum which, in turn, determines the anomalous behavior of the microwave dielectric constant. 57, 58 However, the reduction of the oscillator strength of the infrared continuum for TϽT c , which we discussed as a consequence of NN spin-singlet correlations becoming dominant below T c , could also result from a zigzag charge ordering on the ladders. In this case, as for the perfectly symmetrical quarter filled ladder, the optical activity of double spin flips would simply vanish.
In our opinion, for a better understanding of the phase transition, the pretransitional fluctuations observed with optical spectroscopy, ultrasonic wave propagation, 50 and x-ray diffuse scattering, 51 have to be taken into account. They probably reflect the high degree of disorder present in the system above the phase transition, which is also shown by the local and ''disordered'' charge disproportionation necessary to interpret the optical conductivity. In this context, a charge ordering transition, where more degrees of freedom than just those of the spins are involved, seems plausible. It would also explain the experimentally observed entropy reduction, which appeared to be larger than what expected for a 1D AF HB chain. 6 Also the degeneracy of the zone-boundary folded modes, activated by the phase transition, could be an important piece of information. However, at this stage of the investigation of the electronic and magnetic properties of ␣Ј-NaV 2 O 5 , very important insights could come from the x-ray-diffraction determination of the low-temperature structure. Probably, only at that point it will be possible to fit all the different results together and come up with the final interpretation of the phase transition.
VI. CONCLUSIONS
In this paper we have been discussing the high-and lowtemperature optical properties of ␣Ј-NaV 2 O 5 , in the energy range 4 meV-4 eV. We studied the symmetry of the material, in the high-temperature undistorted phase, comparing the different crystal structures proposed on the basis of x-ray diffraction 3,10-12 to our infrared phonon spectra. We found that the system is better described by the centrosymmetric space group Pmmn, in agreement with the recent structure redetermination. [10] [11] [12] On the other hand, by a detailed analysis of the electronic excitations detected in the optical conductivity, we provided direct evidence for a charged disproportionated electronic ground state, at least on a local scale: A consistent interpretation of both structural and optical conductivity data requires an asymmetrical charge distribution on each rung, without any long-range order. We showed that, because of the locally broken symmetry, spin-flip excitations carry a finite electric dipole moment, which is responsible for the detection of charged bimagnons in the optical spectrum for EЌ chain, i.e., direct two-magnon optical absorption processes. By analyzing the optically allowed phonons at various temperatures below and above the phase transition, we concluded that a second-order change to a larger unit cell takes place below 34 K, with a fluctuation regime extending over a very broad temperature range.
The charged-magnon model we have been discussing in this paper has been developed explicitly to interpret the peculiar optical conductivity spectra of ␣Ј-NaV 2 O 5 . However, our opinion is that the importance of this model goes beyond the understanding of the excitation spectrum of just this particular system. We expect this model ͑obviously in a more general and rigorous form͒ to be relevant to many of the strongly correlated electron systems, where the interplay of spin and charge plays a crucial role in determining the lowenergy electrodynamics.
At this point we would like to speculate that a specific case where charged magnon excitations could be observed is the stripe phase of copper oxides superconductors 61 and of other strongly correlated oxides. 62 In fact, even though the magnetism is quasi-2D in these systems, in the stripe phase a symmetry-breaking quasi-1D charge ordering takes place, which could result in optical activity for the charged magnons. For instance, in the optical conductivity spectra of La 1.67 Sr 0.33 NiO 4 below the charge ordering transition, 63 it is possible to observe some residual conductivity inside the energy gap, whose nature has not been completely understood so far. Without further experimental and theoretical investigations it is of course not possible to make a strong claim. However, the reported features are suggestive of charged magnon excitations. In fact, for the value of J obtained from the two-magnon Raman scattering on this material, 64 direct two-magnon optical absorption is expected in the same energy range ͑i.e., from zero to ϳ0.2 eV͒ where the residual structure has been experimentally observed. 63 Pushing the speculation to its limit, one could imagine that even the local breaking of symmetry introduced by a single impurity in an AF could result in optical activity for pure spin-flip excitations. One particular system where this situation is probably realized is Zn-substituted YBa 2 Cu 3 O 6 , where Zn is introduced in the CuO 2 planes. In the cuprate parent compounds direct bimagnon optical absorption is not allowed due to the inversion symmetry; only phonon-assisted magnetic excitations are optically active, whenever the involved phonon is lowering the symmetry of the system. In fact, phonon assisted bimagnon excitations in the midinfrared region were detected on both YBa 2 Cu 3 O 6 and YBa 2 Cu 2.85 Zn 0.15 O 6 . 65 But on the Zn substituted system it is possible to observe, in the optical conductivity spectra, various features with frequencies coincident with those of pure double spin-flip excitations and therefore most probably ascribable to direct charged bimagnon absorption processes. 65 
